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1. INTRODUCTION 2. MATERIALS AND METHODS 
cro Protein encoded by bacteriophage X is a re- 
pressor required for lytic growth of the phage. It 
competes for the binding to the operators OL and 
OR of the phage DNA with the h repressor esponsi- 
ble for lysogeny [I]. CTO Repressor is a basic pro- 
tein consisting of 66 amino acid residues with the 
known sequence [2]. Its crystal structure has been 
analyzed [3]. We have predicted the secondary 
structure for a number of CTO and h repressors in 
lambda phages [4] and reported certain charac- 
teristics of ‘H NMR spectra for the cro repressor 
of phage X [5]. 
Here we present a partial analysis of the ‘H NMR 
spectrum of CTO protein in aqueous solution. Ap- 
plying double resonance and NOE difference 
spectroscopy technique, resonance assignment of 
the aromatic protons was accomplished to the type 
of amino acid residues. Such an assignment is a 
necessary prerequisite for studying the interaction 
of CTO protein with the DNA operator sites; more- 
over, it provides information about the structure 
of CTO protein in solution. 
cro Protein was isolated from the overproducing 
E.coli strain pBR 294/214 [6] using the procedure 
[7] by our modification. After ion-exchange chro- 
matography on a CM-Sephadex (C-50) column, 
the protein was loaded on a column packed with 
SP-Sephadex (G-25), eluted by buffer C with 
0.35 M KCl, and the fraction corresponding to the 
second absorbance peak at 280 nm was subjected 
to gel-chromatography on a Sephadex G-75 (Super- 
fine) column. The resultant, homogeneous CTO pro- 
tein was dialyzed against deionized distilled water 
and freeze-dried. The protein was dissolved in a 
buffer containing 10 mM Tris-HCl (pH 7.0), 
2 mM EDTA in 99.8% ‘H20. Protein was -1 mM. 
‘H NMR spectra were recorded using a Bruker 
WH-360 spectrometer with a working frequency of 
360 MHz at 26°C. The spectrum width was 4 kHz 
with the same filter band width collecting 8 K data 
points. The interval between pulses was 1.024 s, 
without an additional relaxation delay. Prior to 
Fourier transformation, the FID was multiplied by 
the Gaussian function [8] with the parameters 
LB = -6.0 and GB = 0.15. 
* To whom correspondence should be addressed 
Abbreviations: ‘H NMR, proton nuclear magnetic reson- 
ance; FID, free induction decay; NOE, nuclear Over- 
hauser enhancement; EDTA, ethylendiaminetetraacetate 
Chemical shift Resonance assignment 
Double resonance and NOE were recorded as 
difference spectra [9, lo]. 
The values of chemical shifts are given relative to 
the resonance of sodium 2,2,3,3-tetradeutero-3- 
trimethylsilylpropionate (TSP) with the necessary 
correction [ 111. 
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3. RESULTS AND DISCUSSION 
The downfield region of the cro protein spec- 
trum in fig. la is a superposition of resonances of 
the aromatic protons from 3 tyrosines (Tyr-10, -26 
and -51), 3 phenylalanines (Phe-14, -41 and -58) 
and one histidine (His-35) in the CTO protein mole- 
cule. 
The two singlets titratable at neutral pH with the 
chemical shifts of 7.15 and 7.88 ppm (not shown) 
can be assigned unambiguously to the protons of 
the C-2 and C-4 in His-35, respectively [12]. 
As can be seen from the double resonance differ- 
ence spectra (fig. l), the doublets with the chemical 
shifts of 6.88 and 7.26 ppm represent one closed 
spin system and should be assigned to the 3.5 and 
2.6 protons of tyrosine, respectively, designated as 
Tyr III in fig. 2a. The two doublets at 6.77 and 
7.02 ppm correspond to the 3.5 and 2.6 protons of 
another tyrosine (fig. ld,e) designated as Tyr II in 
fig. 2a. The wiggles at 6.88 ppm are caused by the 
Ziegert-Bloch effect as a result of dispersion of 
spin decoupler power. 
Irradiation of the doublet at 6.54 ppm gives a 
signal at 7.24 ppm (fig. lg), and the shape of its 
line in the difference spectrum indicates that it is a 
doublet [9]. Obviously, the signals at 6.54 and 
7.24 ppm belong to the 3.5 and 2.6 protons of Tyr 
I in fig. 2a. A minor signal at 6.96 ppm in the spec- 
trum shown in fig. lg is caused by leakage of spin 
decoupler power to the doublet with a chemical 
shift of 6.48 ppm whose irradiation (fig. If) pro- 
duces a signal at 6.96 ppm with the shape typical of 
a triplet [9]. When this triplet located in the crowd- 
ed region is irradiated (fig. lh), many signals ap- 
pear, including those at 6.48 and 7.1 ppm. This 
Fig. 1. 360 MHz ‘H NMR spectra (aromatic region) of 
1 mM cro protein solution in ‘Hz0 (pH 7.0): (a) resolu- 
tion-enhanced reference spectrum; (b) a difference spec- 
trum obtained by subtracting the FID with irradiation of 
the signal at 6.88 ppm from the FID with an off- 
resonance spin decoupler frequency; (c) as (b), but with 
irradiation of the signal at 7.26 ppm; (d) as (b), but with 
irradiation of the signal at 6.77 ppm; (e) as (b), but with 
irradiation of the signal at 7.02 ppm; (f) as (b), but with 
irradiation of the signal at 6.48 ppm; (g) as (b), but with 
irradiation of the signal at 6.54 ppm; (h) as (b), but with 
irradiation of the signal at 6.96 ppm. The irradiated 
resonances are indicated with an asterisk. 
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ever, NOE experiments 1121 are indicative of the 
fact that the signals of one of these (Phe II) are 
located in the two groups; viz., at 6.93 and 
7.1 ppm. 
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Fig. 2. 360 MHz NOE difference spectra for aromatic 
protons in 1 mM cro protein solution in 2H20 (pH 7.0): 
(a) resolution enhanced reference spectrum with reson- 
ance assignment; (b) a spectrum obtained by subtracting 
the FID with pre-irradiation of the resonance at 
6.48 ppm for 1 s from the FID with an off-resonance 
spin decoupler frequency; (c) as (b) but with pre- 
irradiation of the resonance at 6.54 ppm. 
makes it possible to assign the signals at 6.48, 6.96 
and 7.1 ppm to the 2.6, 3.5 and 4 protons, respec- 
tively, in one of the phenylalanines designated as 
Phe I in fig. 2a. The assignment is supported by 
NOE experiments (fig. 2) with pre-irradiation of 
the doublets at 6.48 and 6.54 ppm. 
We could not identify the resonances of the two 
other phenylalanine residues in three groups of 
signals centered at 6.93, 7.1 and 7.22 ppm; how- 
Our assignment of the resonances differs in 
many respects from that reported in [ 131, although 
the aromatic spin system of one of the tyrosines 
(Tyr II in our nomenclature) was correctly identi- 
fied by them. 
A broad range of the chemical shifts of the aro- 
matic protons point to the different surroundings 
of these residues in the CTO protein molecule. The 
chemical shifts of signals for only one of the three 
tyrosines, Tyr II are close to those for free tyrosine 
or for a tyrosine residue in linear tetrapeptides 
[ll]; this, however, implies neither its surface loca- 
tion nor its accessibility to a solvent [12]. 
The results reflect the complex three-dimensional 
structure of CTO protein in solution. To study this 
structure as well as conformational changes and 
interactions with the operator DNA, one has to 
assign the identified signals to particular tyrosines 
and phenylalanines in the sequence. This work is in 
progress. 
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